We compare two field demonstrations of SPECTS-OCDMA on an 80.8-km link and 150-km link using integrated, polarization independent arrayed-waveguide grating (AWG)-based encoders/decoders, an ultra-stable optical frequency comb generator and a tunable dispersion-slope compensator.
Introduction
Through numerous laboratory and theoretical studies, optical code division multiple access (O-CDMA) technology has already been proven as a robust and promising solution for local access networks [1, 2] . However, deploying O-CDMA technology in existing and standard field fiber presents numerous challenges [3] . Such challenges include the need for compact polarization independent encoders/decoders, polarization mode dispersion (PMD) mitigation, broadband dispersion compensation, and a method of security. These challenges have been addressed in two recent spectral-phase encoded time-spreading (SPECTS) O-CDMA field trials across an 80.8-km link at Massachusetts Institute of Technology Lincoln Laboratory (MIT-LL) and a 150-km link at Sprint Nextel Advanced Technology Labs (Sprint-ATL) [4, 5] . This paper will summarize the enabling technologies and results of the field trials.
SPECTS O-CDMA and Enabling Technologies
In an O-CDMA system a user (user-A) encodes his data with a code and broadcasts the data stream to every user. To listen to user-A's message, another user (user-B), which receives the aggregate O-CDMA traffic, decodes with user-A's conjugate code rejecting all other O-CDMA traffic. SPECTS O-CDMA codes are applied to the spectral phase of data modulated optical pulse trains as binary 0 or π phase. The encoding temporally spreads the pulses. The decoder will either reconstruct the short pulse (decoding with the conjugate code) or re-spread the pulse (decoding with an orthogonal code from the same set). A nonlinear receiver determines the presence of a short pulse. The multi-port SPECTS-OCDMA encoders used in the field trials are based on polarization independent silica AWG technology. The encoder consists of two 20-GHz AWGs with 64 wavelength channels between them. Each wavelength channel has a resistive heater to control the applied phase. In Figure 1 , AWG1 illustrates the multi-port functionality of the encoder and AWG2 demonstrates the demultiplexing/multiplexing property of the AWGs. The phase of each wavelength channel is set to be a 63-chip m-sequence. The wavelengths on a signal passing into input port i=1 are demultiplexed onto the modulator array by AWG1 and then multiplexed to output port n=1 by AWG2. Likewise, the wavelengths on a signal on input port i=2 pass through the modulator array offset by 1 channel, acquires a 1 chip shifted m-sequence, and is multiplexed to port n=2 by AWG2. The arrows indicate the bi-directional operation of the encoder, indicating that the encoder can perform simultaneous encoding and decoding. The 20 GHz chip spacing encoder requires a wavelength stable, tunable, short pulse optical frequency comb generator (OFCG) to precisely align the wavelengths within the optical frequency comb (OFC) to the encoder passbands. The OFC is generated by amplitude and phase modulation within a dual-electrode Mach-Zehnder modulator (DE-MZM). The comb spacing is controlled by the frequency of the driving RF sinusoidal, and the center frequency of the comb is set by an optical carrier. The comb produced by the DE-MZM is chirped and only contains 10 comb lines. It is first linearly compressed in single mode fiber to 5 ps, then nonlinear compressed in dispersion decreasing fiber to 650 fs with >63 spectral lines [6] . Even with dispersion compensation, residual dispersion slope of the two links spread subpicosecond pulses by a factor of 10. To recover short pulses after transmission across the field fiber, the dispersion slope must be corrected so that the dispersion across the 10 nm of spectrum of the O-CDMA pulses is near zero. The dispersion at 1550 nm for the two links was set to zero using dispersion compensating fiber (DCF). The residual slopes were removed via a novel tunable dispersion slope compensator based on a zero-dispersion pulse shaper with a cubic shaped mirror placed in the focal plane [7] capable of providing continuous -6 to +6 ps/nm 2 of dispersion slope. Results of slope compensation are shown in Figure 2 (a) with removal of 5.5 ps/nm 2 at MIT-LL and 1.71 ps/nm 2 at Sprint-ATL.
Experiments and Results
Figure 3 describes the two field trials performed. The MIT-LL field trial uses 2 m-sequence encoded users. Following the bottom of Figure 3 , data modulation is applied to the OFC output, thus creating the data stream. It is split into two fibers, encoded, delayed and then recombined. This data stream is precompensated for dispersion slope and transmitted through 80.8-km of field fiber. After the field fiber, the data stream passes through the encoder used to encode user-1, thereby reconstructing short pulses for user-1 and not user-2. The O-CDMA receiver detects the short pulses from user-1 by measuring the spectrum generated through self-phase modulation by user-1's short pulses in a highly nonlinear fiber (HNLF). The O-CDMA receiver, encoder, dispersion slope compensation, and OFCG remain the same for the Sprint-ATL field trial. The main differences are using a longer link (150-km), the addition of security enhancement via bright-code dark-code (BCDC) encoding, and using forward error correction (FEC) to mitigate the PMD. Each BCDC user has his respective "1" or "0" data bit encode a pulse by a unique m-sequence. The BCDC enhances security in the sense that if an eavesdropper has access to a single user's data stream he can not measure a significant difference in energy between data bits.
Bit-error-ratio (BER) results are shown in Figure 4 for the two field trials. The received power is measured at the input to the O-CDMA receiver and is the power per user. The relative delays between the users are optimized to minimize the BER. The position of the tunable filter optimizes performance for the two user cases. At MIT-LL this optimization results in a ~1 dB negative power penalty for the 1-user case after transmission at large BERs. The BER for both users across the field fiber converges to less than 10 -9 . At Sprint-ATL, PMD was significantly larger than at MIT-LL (0.26 ps/√km at Sprint-ATL) degrading the system performance. Its effect was lessened by controlling the field fiber input polarization and by using FEC. For 2 BCDC users at Sprint-ATL the BER was less than 10 -9 .
Total Received Power (dBm) The two successful field demonstrations of SPECTS O-CDMA have addressed many challenges facing real-world implementations of O-CDMA including broadband dispersion compensation, and >100 km field fiber transmission, using compact polarization independent devices.
